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a b s t r a c t
Organogenesis is a complex developmental process, which requires tight regulation of selector gene
expression to specify individual organ types. The Pax6 homolog Eyeless (Ey) is an example of such a
factor and its expression pattern reveals it is dynamically controlled during development. Ey's paralog
Twin of eyeless (Toy) induces its expression during embryogenesis, and the two genes are expressed in
nearly identical patterns during the larval stages of development. While Ey must be expressed to initiate
retinal speciﬁcation, it must subsequently be repressed behind the morphogenetic furrow to allow for
neuronal differentiation. Thus far, a few factors have been implicated in this repression including the
signaling pathways Hedgehog (Hh) and Decapentaplegic (Dpp), and more recently downstream
components of the retinal determination gene network (RDGN) Sine oculis (So), Eyes absent (Eya),
and Dachshund (Dac). Homeodomain-interacting protein kinase (Hipk), a conserved serine–threonine
kinase, regulates numerous factors during tissue patterning and development, including the Hh
pathway. Using genetic analyses we identify Hipk as a repressor of both Toy and Ey and show that it
may do so, in part, through Hh signaling. We also provide evidence that Ey repression is a critical step in
ectopic eye development and that Hipk plays an important role in this process. Because Ey repression
within the retinal ﬁeld is a critical step in eye development, we propose that Hipk is a key link between
eye speciﬁcation and patterning.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The developmental events leading to the formation of the adult
Drosophila compound eye involve numerous signaling networks
and cellular processes that must be tightly coordinated (reviewed
in Kumar, 2009). Eye speciﬁcation begins in the embryo, where a
small group of cells expressing the Pax6 homologs Twin of eyeless
(Toy) (Czerny et al., 1999) and Eyeless (Ey) (Quiring et al., 1994) are
set aside as precursors to the eye-antennal imaginal disc (Garcia-
Bellido and Merriam, 1969; Kammermeier et al., 2001). Toy and Ey
are positioned atop the retinal determination gene network
(RDGN); a group of nuclear proteins responsible for mediating
eye development (reviewed in Kumar, 2009, 2011). The core
members of this group include Toy, Ey, Eyes absent (Eya) (Bonini
et al., 1993), Sine oculis (So) (Cheyette et al., 1994; Serikaku and
O'Tousa, 1994), and Dachshund (Dac) (Mardon et al., 1994). In the
ﬁrst and second instars the eye imaginal disc grows and polarizes
into anterior–posterior and dorsal–ventral compartments. Then in
the third larval instar, patterning initiates in the eye disc (reviewed
in Domínguez and Casares, 2005). Patterning is progressive and
begins when the morphogenetic furrow, a physical indentation in
the tissue, initiates at the posterior margin of the eye disc and
begins travelling anteriorly (reviewed in Heberlein and Moses,
1995). As the furrow passes through the tissue, the expression
patterns of the RDGN and activities of key signaling networks
including Decapentaplegic (Dpp), Hedgehog (Hh), and Wingless
(Wg) adjust accordingly, and at any given moment, the morpho-
genetic furrow divides the eye disc into two distinct regions
(Curtiss and Mlodzik, 2000). The anterior region encompasses a
pool of undifferentiated cells holding eye progenitor fate and the
posterior region contains eye progenitor cells which terminally
differentiate to become photoreceptors (R1–R8), cone cells, and
pigment cells (reviewed in Baker and Firth, 2011; Roignant and
Treisman, 2009).
Although paralogs, Toy and Ey have distinct properties (Czerny
et al., 1999; Kammermeier et al., 2001; Punzo et al., 2004; Weasner
et al., 2009). Ey holds the dual role of being both a transcriptional
activator and repressor, while Toy appears to only act as an
activator (Bessa et al., 2002; Punzo et al., 2001; Weasner et al.,
2009). The two genes are expressed throughout the larval eye disc
until the third larval stage when the furrow begins migrating and
at this point they are progressively restricted to the anterior
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(Atkins et al., 2013; Czerny et al., 1999). It is known that the
restriction of these factors away from the retinal ﬁeld is a critical
step in eye development, however, little is known about the
coordination or mechanism of this developmental switch. Thus
far, few factors have been shown to repress Ey within the posterior
region of the eye disc (Atkins et al., 2013; Baker and Firth, 2011;
Firth and Baker, 2009; Halder et al., 1998). These include Dpp, Hh,
So, Eya, and Dac (Atkins et al., 2013; Firth and Baker, 2009). Here
we identify Homeodomain-interacting protein kinase (Hipk) as a
novel repressior of Toy and Ey.
Hipks are a conserved family of serine-threonine kinases and
have been shown to be involved in numerous developmental
contexts (Lee et al., 2009; Rinaldo et al., 2008; Swarup and
Verheyen, 2011). Hipk regulates the size of the eye in both ﬂies
and vertebrates (Inoue et al., 2010; Lee et al., 2009). Additionally,
Hipk was shown to phosphorylate Ey and Pax6 although the
physiological signiﬁcance of this event is unknown (Choi et al.,
2005; Kim et al., 2006). Previously we showed that Hipk inhibits
the repressive effects of the global transcriptional co-repressor
Groucho (Gro), and thus promotes Notch-induced eye growth (Lee
et al., 2009). Furthermore, Hipk acts to promote the Hh, and thus
indirectly, Dpp pathways through its ability to stabilize the Hh
signaling effector Cubitus interruptus (Ci). More speciﬁcally, Hipk
indirectly stabilizes the full length, activator form of Ci (CiACT) by
inhibiting Slimb, the E3 ubiquitin ligase that targets CiACT for
proteasomal cleavage into the truncated repressor form of Ci
(CiREP) (Swarup and Verheyen, 2011). Based on our work and
these studies, we sought to further investigate the role of Hipk in
eye speciﬁcation and the regulation of Ey and Toy. Our ﬁndings
reveal that both Pax6 homologs Toy and Ey are repressed by Hipk,
and this relationship may be a key step in the developmental
switch from speciﬁcation to differentiation of retinal tissue.
Toy and Ey are termed eye selectors, in part, based on their
ability to re-program non-retinal tissue to take on eye fate in
ectopic eye induction assays (Czerny et al., 1999; Halder et al.,
1995). Given the multitude of feedback loops occurring during eye
speciﬁcation and patterning, researchers have turned to ectopic
eye assays to dissect the individual contributions of RD factors in a
simpliﬁed context (Anderson et al., 2012; Furukubo-Tokunaga
et al., 2009; Halder et al., 1995; Pignoni et al., 1997; Shen and
Mardon, 1997). Due to its simplicity, the ectopic eye may reveal
developmental defects more clearly. In this study we have utilized
this technique to aid in our understanding of the relationship
between Ey repression and Hipk.
Materials and methods
Drosophila strains and crosses
Flies and crosses were raised on standard media at 25 1C unless
stated otherwise. w1118 was used as wild type. hs-ﬂp;ubi-GFP,FRT79/
TM6B, tub-GAL80ts/CyO,;dpp-lacZM1-1;,;UAS-eGFP;;, hipkBG0085-GAL4
/TM6C, wn; P{arm-GFP.P}57, (Bloomington Stock Centre). UAS-toy-
RNAi/TM3 (VDRC15919),;UAS-hipk-RNAi;; (VDRC108254) were
obtained from Vienna Drosophila RNAi Center (Dietzl et al., 2007).
hs-ﬂp;;Act4CD24UAS-GAL4,UAS-GFP/SM6TM6 (gift of Bruce
Edgar) and yw,hsp70-ﬂp tub-GAL4,UAS-GFP; tub-GAL80,FRT40/CyO
(gift of Gary Stuhl). hipk2/TM6B, hipk3/TM6B, hipk4,FRT79/TM6B were
used as loss-of-function alleles and;UAS-HA-hipk1M;UAS-HA-hipk3M
(Lee et al., 2009).;;UAS-eyUE10; (Halder et al., 1995),;UAS-toyUO4;;
(Czerny et al., 1999).;ey-lacZ; (Halder et al., 1998), so-lacZ/CyO
(Cheyette et al., 1994) and;;toy-lacZ (gifts of Uwe Walldorf). dppblk-
GAL4/TM6B (Staehling-Hampton et al., 1994), GMR-GAL4 (Moses and
Rubin, 1991), Oc2-GAL4/CyO (gift of Blanco et al. (2009)). smoQ,FRT40/
CyO,UAS-GFP, Kr-GAL4 (Biehs et al., 2010), UAS-ci5m/CyO (Price and
Kalderon, 1999).
Clonal analysis
Somatic clones were generated by crossing hipk4,FRT79/TM6B to
hs-ﬂp;ubi-GFP,FRT79/TM6B. MARCM40 clones were generated by
crossing yw,hsp70-ﬂp tub-GAL4,UAS-GFP; tub-GAL80,FRT40/CyO to
corresponding lines. Flip-out clones were generated by crossing
hs-ﬂp;;Act4CD24UAS-GAL4,UAS-GFP/SM6TM6 to correspond-
ing UAS lines. Hatched progeny were heat shocked at 38 1C, 48 h
AEL for either 90 min (somatic and MARCM40 clones) or for
19 min (ﬂip-out clones).
tub-GAL80ts experiment
To temporally control UAS-gene expression, tub-GAL80ts;dpp-
GAL4 ﬂies were crossed to UAS-toy at 29 1C. At mid-third instar,
progeny were shifted to 18 1C until adulthood. Positive and
negative controls were crossed at 29 1C/18 1C respectively, and
progeny remained there until adulthood.
In situ hybridization
Digoxigenin labelled RNA probes for hipk were transcribed from
pOT2-Hipk (Drosophila Genomics Resource Center clone ID
SD08329) using the Roche DIG RNA Labeling kit. The sense probe
was transcribed from XhoI digested plasmid using T7 polymerase
and the antisense probewas transcribed from EcoRI digested plasmid
using SP6 polymerase. The ﬂuorescent in situ hybridization was
performed as described in Wilk et al. (2010) with the following
speciﬁcations: the hipk-DIG probe was detected with peroxidase
conjugated mouse anti-DIG (Jackson ImmunoResearch) and cyanine-
3 tyramide (Perkin Elmer), and picric acid was omitted from the PBTT
solution.
Immunostaining and microscopy
Antibody staining was performed as described in Lee et al.
(2009) using: rat anti-Ci (1:20), mouse anti-Dac2–3 (1:75), rat anti-
Elav (1:100), mouse anti-Ey (1:200), mouse anti-Eya (1:200),
mouse anti-Pros (1:10) (DSHB), mouse anti-β-galactosidase
(1:5000) (Promega), rabbit anti-β-galactosidase (1:1000) (Cap-
pel-MP Biomedicals), rabbit anti-Ey (1:1000) (Halder et al., 1998)
and guinea pig anti-Toy (1:1000) (Furukubo-Tokunaga et al., 2009)
(gifts of Uwe Walldorf), rabbit anti-Ato (1:800) (gift of Yuh Nung
Jan, Jarman et al., 1994), guinea pig anti-Sens (1:1000) (gift of
Hugo Bellen, Nolo et al., 2000). Secondary antibodies (Jackson
Immuno Research) Dylight-549 (anti-guinea pig, mouse, rabbit),
Dy-649 (anti-guinea pig, mouse and rat), and FITC (anti-rat) were
used at 1:200.
Imaginal discs were imaged with a Nikon Air laser-scanning
confocal microscope. Identical microscopy settings were used to
image all discs. Images of all adult ﬂies except in Fig. 1F–I were
obtained with a Canon EOS Rebel T1i digital camera mounted to a
Leica MZ6 dissecting microscope while submerged in 95% ethanol.
For ectopic eye assays, pharate adults unable to eclose were
dissected from their pupal cases in 95% ethanol. To image adults
in Fig. 1F–I, the ﬂy heads were severed and mounted in Aquatex.
The mounted heads were imaged with an Axioplan 2 microscope.
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Results
Hipk is required for normal retinal development
Given the reported biochemical interaction between Hipk/Hipk2
and Ey/Pax6 (Choi et al., 2005; Kim et al., 2006), we sought to further
investigate their relationship in vivo during eye development. Loss of
hipk in hipk2/hipk4 trans-heterozygous ﬂies resulted in a moderate to
severe loss of eye and ocellar structures (Fig. 1B, C, H and J), a
phenotype similar to the small eye observed in ﬂies with over-
expressed ey (Fig. 1D, E and I) (Braid and Verheyen, 2008; Halder
et al., 1998; Lee et al., 2009). Using both hipkBG0085-GAL44GFP and
in situ hybridization to monitor the expression pattern of hipk
revealed that hipk is expressed throughout the eye-antennal imaginal
disc (Fig. 1K, L and Fig. S1A–F), in addition to the leg and wing
imaginal discs. Of note, hipk is expressed at higher relative levels
within the posterior region of the eye disc, in the ocellar region, and
in a small section of the antennal disc (Fig. 1K and L).
Fig. 1. hipk is required for normal eye and ocellar development. (A) hipk2/TM6B and (B and C) hipk2/hipk4 lateral views reveal that hipk2/hipk4 trans-heterozygotes display
loss of the eye as compared to near wild type hipk heterozygotes. (D) dpp4ey and (E) GMR4ey ﬂies display a reduced eye. (F) Anterior view of the w1118 ﬂy head. The ocellar
complex, and the regions magniﬁed in (G–I) are outlined with a green box. (H) hipk2/hipk4 mutants exhibit multiple defects within the ocellar complex. (I) Oc24ey causes
disruption to the ocellar complex. Individual ocelli in G,H,I, or lack thereof are marked with white arrows. (J) Quantiﬁcation of the phenotypes in (B), (C) and (H). (K) In situ
hybridization, and (L) hipkBG0085-GAL44GFP reveals the expression pattern of hipk in the third instar eye-antennal imaginal disc. (M–M') w1118 and (N–N″') hipk2/hipk4 third
instar eye discs are marked with Ey (red) and Elav (green). (M) The yellow outline marks the ocellar primordia. (N–N″') hipk mutants display elevated and ectopic Ey
levels. (N') Yellow and magenta boxes mark the antennal and posterior margin regions which are magniﬁed in (N″–N″'). Anterior is to the left in this ﬁgure and all ﬁgures
hereafter.
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Hipk represses Pax6 homologs toy and ey
To determine whether loss of eye structures could, in part be
due to an effect on Ey, we ﬁrst examined Ey expression in hipk
mutant eye-antennal discs. In the wild type third instar eye disc,
Ey is expressed in the anterior region (Fig. 1M and M') and its
domain becomes progressively restricted with the passing of the
morphogenetic furrow (Atkins et al., 2013; Czerny et al., 1999). Ey
can serve as a repressor of photoreceptor differentiation if its
expression is mis-regulated, or if it is ectopically expressed within
the retinal ﬁeld (Fig. 1D, E and I) (Atkins et al., 2013; Braid and
Verheyen, 2008; Halder et al., 1998). Therefore it is critical that Ey
is excluded from the posterior eye disc as photoreceptors are
speciﬁed. Normally Ey is also repressed in both the antennal disc
and the ocellar region (Blanco et al., 2010; Kenyon et al., 2003;
Wang and Sun, 2012). In hipk mutants we observed ectopic Ey
along the posterior margin, within antennal and ocellar regions of
the eye-antennal disc (Fig. 1N and N″'). Additionally, total Ey levels
were increased throughout its endogenous domain, with the
highest levels anterior to the furrow and lower, yet ectopic, levels
posterior to the furrow (Fig. 1N'). Photoreceptors were absent at
the very tip of the posterior margin (arrow in Fig. 1N) coincident
with ectopic Ey found in that same region (magenta box in Fig. 1N'
and Fig. 1N″'). These data suggest that Hipk represses Ey through-
out the eye-antennal disc and that the reduced eye and ocellar
structures seen in hipk mutants could, in part, be due to mis-
regulated Ey levels.
Given that Toy acts upstream of Ey, we next examined its
expression in hipk mutant discs. Toy is expressed throughout the
anterior region of the eye disc (Fig. S1G and G') (Blanco et al., 2010;
Czerny et al., 1999; Jacobsson et al., 2009) and is repressed
posterior to the morphogenetic furrow. Although Toy and Ey are
both repressed in the posterior region, Toy is expressed at low
levels in this region, while Ey is absent (Jacobsson et al., 2009).
hipk mutants exhibited elevated Toy levels within its endogenous
domain (Fig. S1H and H') and in contrast to Ey (Fig. 1N' and N″), we
did not observe ectopic Toy in the antennal region (Fig. S1H').
Additionally, we examined both Toy and Ey expression in hipk4
loss of function somatic mutant clones. hipk mutant clones
exhibited elevated Toy levels (Fig. 2B and B″), as was seen with
Ey levels (Fig. 2E and E″) in both the anterior and posterior regions
of the disc. Conversely, over-expressing 2 copies of hipk in ﬂip-out
clones decreased levels of both Toy and Ey (Fig. 2C–C″ and F–F″). It
should be noted that hipk ﬂip-out clones caused a stronger
decrease in Toy expression within anterior clones (blue arrow in
Fig. 2C″). Some instances of non-autonomy were observed in discs
with hipk mutant clones (Fig. 2B and E) so we examined these
same images at a higher magniﬁcation (Fig. S2A–A″ and B–B″).
Although the majority of clones appeared to produce autonomous
effects, close examination of the clone boundaries revealed that, in
some instances, increases in Toy and Ey are observed in regions
slightly wider than the clone. Examination of toy-lacZ and ey-lacZ
(Fig. S2C and E) within hipk mutant clones revealed that hipk
represses both toy and ey at the transcriptional level (Fig. S2D–D″
and F–F″).
Hipk controls expression of Toy and Ey independently
We next tested whether Hipk represses Ey through Toy, or if
they are repressed independently. To do so we reduced Toy
expression while simultaneously reducing Hipk levels. Flip-out
expression clones of toy-RNAi revealed that, during the third
instar, Ey levels remained unchanged (Fig. 3A and A″') even though
Toy protein staining conﬁrmed that the knock down of toy was
efﬁcient (Fig. 3A″). When hipk was simultaneously knocked down
with toy in ﬂip-out clones, Ey levels were increased (Fig. 3B and B″')
as we had seen in hipk clones (Fig. 2E″) suggesting that hipk
represses the expression of both Toy and Ey, independently of one
another.
Ectopic eye development requires Ey to be excluded from the
developing retinal ﬁeld
The regulation of Ey expression is critical to the developing
retinal ﬁeld and we hypothesized that Hipk promotes eye devel-
opment by reﬁning the expression domains of both Toy and Ey. We
wanted to next test for Ey restriction via hipk using an ectopic eye
assay. Although much work has been done to demonstrate adult
ectopic eyes closely resemble normal eyes (Clements et al., 2008;
Halder et al., 1995), less is known about the similarities between
ectopic eye and normal eye development during the larval stages.
Therefore we ﬁrst further characterized ectopic eye development
using dpp4toy and examined the developing retinal ﬁelds on the
leg imaginal discs during the third instar (Fig. S3). We introduced
arm-GFP into our ectopic eye assay, and we observed cell morphol-
ogies indicating a progressive pattern of differentiation similar to
what is seen in the normal furrow (Fig. S3C–D″) (Ready et al.,
1976). This indicates that ectopic photoreceptors develop in a
progressive manner in concordance with a morphogenetic furrow
like the normal eye, and more importantly, that this assay could be
utilized to assay for Ey repression during ectopic eye development.
We speculated that Hipk promotes eye development by block-
ing Ey expression from the developing retinal ﬁeld (Figs. 1 and 2)
and utilized the ectopic eye assay to examine this. We used
dpp4toy since Toy is a strong inducer of ey and though in an
exogenous tissue, ey is under control of its endogenous promoter.
We focused on the ectopic eyes formed on the leg following
modulation of hipk levels and examined the expression levels of
Ey, Eya, and Elav in both early (Fig. 4C, E and G) and late (Fig. 4B, D
and F) third instar discs. In the endogenous eye, Eya is expressed in
a swathe of cells just anterior to the furrow, as well as within the
furrow and in all photoreceptors, and Elav marks all photorecep-
tors (Fig. 4A–A″). Ey and Elav are found in complimentary domains
(Fig. 4A″), and Ey and Eya overlap in a small region anterior to the
furrow (Fig. 4A'). Interestingly, in the early third instar ectopic eye,
overlapping expression domains of Ey and Eya were observed,
which resemble their corresponding patterns in second instar of
the endogenous eye (not shown). This provides evidence that Toy
can induce Ey early in larval stages, as is shown for endogenous
eye development. At the late third instar stage, Ey was not present
in Elav-positive photoreceptors, while the Eya domain overlapped
with both Ey and Elav positive cells (Fig. 4B and B″'). This is
consistent with the patterns of these factors in the endogenous
eye, and supports the existence of both undifferentiated and
differentiated zones in the ectopic eye.
Hipk promotes and is required for ectopic eye development
We next modulated the levels of hipk within the aforemen-
tioned assay. When one copy of hipk was co-expressed with toy
(dpp4toyþhipk), even though the Eya domain and retinal ﬁeld
increased dramatically in size, Ey expression was not distinguish-
able from background (Fig. 4D and D″'). We conﬁrmed the prior
expression of Ey in early third instar dpp4toyþhipk discs
(Fig. 4E), thus indicating that it did, in fact, play a role in the early
induction of the ectopic eye ﬁeld but was later repressed during
photoreceptor induction. In contrast, when hipk was removed
from the assay (dpp4toy,hipk3/hipk4 ), though Ey and Eya were
both induced in early and late third instar leg discs, there was an
absence of Elav positive photoreceptors (Fig. 4F and F″'). A
comparison of the Ey domain in dpp4toy,hipk3/hipk4 ﬂies
(Fig. 4F″') to dpp4toy ﬂies (Fig. 4B″') suggested that late third
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instar Ey expression remained unrepressed in the absence of hipk
and this left no opportunity for photoreceptors to develop. Thus
restriction of Ey via suppression by Hipk is a necessary step in the
formation of ectopic eyes, as well as the endogenous eye.
Adult ﬂies from this assay were examined to determine the
ﬁnal developmental consequences of Ey repression within the
developing ectopic eye. dpp4toyþhipk ﬂies generated consider-
ably larger leg ectopic eyes (Fig. 5B) than dpp4toy ﬂies (Fig. 5A).
Fig. 2. hipk represses the expression of Toy and Ey.Wild type expression pattern of (A) Toy and (D) Ey, both in red. (B–B″) Toy and (E–E″) Ey levels are up-regulated in GFP
negative hipk4 somatic mutant clones. (C–C″) Toy and (F–F″) Ey are reduced in GFP positive actin ﬂip-out clones which are expressing 2xhipk. Mis-expressed Hipk represses
Toy more strongly in anterior clones (C and C', blue arrow) than in posterior clones (C and C', purple arrow).
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Conversely, in dpp4toy,hipk3/hipk4 ﬂies, the ectopic eyes were
completely absent (Fig. 5C). Thus Hipk promotes and is required
for ectopic eye development initiated by dpp4toy. To further
corroborate the concept that restricted levels of Ey generate larger
ectopic eyes, we modiﬁed our ectopic eye assay and tested
whether reﬁning the timing of Ey induction via dpp4toy would
change the size of the ectopic eye ﬁeld. Using tub-GAL80ts to
restrict the expression of dpp4toy to a period spanning from
embryogenesis until mid-third instar resulted in larger ectopic
eyes (Fig. 5F) than when toy was expressed from embryonic stages
through adulthood (Fig. 5E). Thus our temporal control mimicked
the repression of Ey that is normally carried out by Hipk.
Hipk may control Toy and Ey expression through its inﬂuence on the
Hh and Dpp pathways
We next sought to determine the mechanism through which
Hipk acts on Toy and Ey. Our past studies found that hipk mutant
clones spanning the morphogenetic furrow display reduced levels
of CiACT and its target dpp (Swarup and Verheyen, 2011), suggest-
ing that signaling from both the Hh and Dpp pathways are
impaired. Hipk is required to promote Hh signaling in numerous
contexts and elevated Hipk can enhance Hh signaling (Swarup and
Verheyen, 2011). Consistent with this mechanism, over-expression
of two copies of hipk with dpp-GAL4 produces ectopic morphoge-
netic furrows as seen by the ectopic expression of the furrow
marker Atonal (Ato) (Fig. 6A and B) (Jarman et al., 1994). Further-
more, others have shown that inhibition of both Hh and Dpp using
mad,smo double mutant clones produces a dramatic increase in Ey
levels throughout the third instar eye disc (Atkins et al., 2013; Firth
and Baker, 2009); a phenotype strikingly similar to data we
present here (Fig. 2). Therefore, we speculated that Hipk may be
acting through Hh/Dpp to promote the repression of Toy and Ey
expression.
Although past studies have shown that Hh and Dpp regulate Ey
levels, they did not examine what effect either of these pathways
have on Toy (Firth and Baker, 2009). GFP positive actin ﬂip-out
clones expressing stabilized ci caused down-regulation of both Toy
and Ey (Fig. 6C and C″'). Conversely, generation of GFP marked smo
MARCM clones produced an up-regulation of both Toy and Ey
(Fig. 6D and D″'). Together, these data show that the Hh pathway
does in fact regulate the expression of Toy, in addition to Ey. CiACT
is not required for the normal development of the Drosophila eye,
however CiREP represses dpp, eya, and so (Fu and Baker, 2003;
Pappu, 2003). Furthermore, in the eye, Smo acts to promote CiACT,
and to inhibit CiREP (Fu and Baker, 2003). Therefore, when smo is
lost, CiREP levels increase, Dpp levels decrease and Toy and Ey
levels thereby increase (Fig. 6D and D″'). When hipk was expressed
within the smo MARCM clones, Toy and Ey were restored back
down to normal levels (Fig. 6E and E″') likely because of its ability
to promote CiACT which in turn promoted increased levels of Dpp.
Discussion
In each of the contexts examined within this study, we have
shown that Hipk promotes eye development through its repres-
sive effects on both Pax6 homologs Toy and Ey. hipk mutants
displayed reduced or missing eye structures and we propose that
these phenotypes may be due to the unrestricted expression
domains of Toy and Ey (Figs. 1, S1, 2, S2 and 4). Of course, we
cannot discredit the possibility that hipk's effect on previously
characterized targets may be contributing, in part, to the observed
phenotypes. By concurrently knocking down toy and hipk, we
found that Hipk, in fact, acts to repress Toy and Ey independent of
one another (Fig. 3). Additionally, by modulating levels of hipk in
the ectopic eye assay using dpp4toy we found that Ey was also
repressed by Hipk in non-eye derived tissues (Figs. 4 and 7).
Together, these data underline the importance of Hipk in both
normal and ectopic eye development (Figs. 1, 4, 5 and 7).
Interestingly, we observed that hipk affects the expression of
Toy and Ey in slightly different manners. In hipk2/hipk4 trans-
heterozygous mutants, though levels of both Toy and Ey were
increased, ectopic Ey was found in the antennal disc (Fig. 1N″)
whereas Toy was relatively normal in the corresponding region
(Fig. S1H'). Furthermore, elevated Hipk levels in ﬂip-out clones
Fig. 3. hipk represses Toy and Ey expression independent of one another. (A–A″') Ey (red) levels remain normal in GFP marked actin ﬂip-out clones which are expressing
toy-RNAiþGFP, but are increased in clones when (B–B″') hipk is concurrently knocked down with toy. (A″ and B″) Knock-down of toy was demonstrated by staining for Toy
(blue).
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caused decreased Ey levels in both the anterior and posterior
regions of the eye disc (Fig. 2F″), but strong decreases in Toy levels
were only seen in the anterior region (Fig. 2C″). These data support
our observation that Hipk repressed both Toy and Ey indepen-
dently (Fig. 3B). In some instances, non-autonomous effects on Toy
and Ey were observed in our clonal analysis (Fig. S2A″ and B″).
Since loss of hipk is known to alter dpp levels, and dpp is a secreted
morphogen, this could contribute to the subtle non-autonomy
observed here.
Intriguingly, we and others have observed that Toy does not
inhibit photoreceptor differentiation as Ey is known to do (Punzo
et al., 2004; Weasner et al., 2009). This is evident because Toy
over-expression (Fig. 5A) does not produce a small eye such as that
seen when Ey is over-expressed in the developing eye (Fig. 1D).
This is perplexing since Toy's expression domain appears to be
regulated similarly to Ey given their nearly identical expression
patterns. We propose that because it is so critical for Ey to be
repressed within the retinal ﬁeld, Hipk acts to repress Ey's
upstream factor Toy, in addition to Ey itself, in order to provide a
tighter amount of control on Ey expression.
Our toy-RNAi ﬂip-out clones revealed that in the third instar, Ey
expression remained normal in the absence of toy (Fig. 3A and A″).
From past studies it is known that Toy is required to activate Ey
early in eye speciﬁcation (Czerny et al., 1999). However, these data
suggest that Toy is not required to maintain Ey's expression in the
third instar, likely due to redundancy of Toy and Ey (Jacobsson,
Fig. 4. Ey restriction is a necessary step in ectopic eye development and it is mediated by Hipk. (A–A″') Expression patterns of Ey (red), Eya (blue), and Elav (green) in the
w1118 third instar eye disc and (B–B″') in an ectopic eye formed on a late third instar (L3) leg disc induced by toy (dpp4toy). Ectopic retinal ﬁelds of differing sizes are
produced by (B) dpp4 toy, (D) dpp4toyþhipk, and (F) dpp4toy,hipk3/hipk4 ﬂies. (C, E and G) Early third instar and (B, D and F) late third instar leg discs are examined for
each genotype to observe the progression in Ey expression.
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2012; Jacobsson et al., 2009), as well as the numerous positive
feedback loops which exist within the RDGN (Michaut et al., 2003;
Ostrin et al., 2006; Pauli et al., 2005; Punzo et al., 2002).
Studies by others have shown that Hipk/Hipk2 directly phos-
phorylates Ey/Pax6 to promote its trans-activation potential,
in vitro (Choi et al., 2005; Kim et al., 2006). However, the
developmental signiﬁcance of this occurrence remains unknown.
Our in vivo studies suggest that Hipk inﬂuences toy and ey
expression rather than their activity within the RDGN. Indeed,
ectopic toy expression can still induce Ey, and Eya expression in
the absence of hipk (Fig. 4F and G). Future studies may uncover
more information regarding the purpose of this phosphorylation
event, if this occurs on Toy in addition to Ey, and if this event, in
any way contributes to the regulation of toy and ey expression.
We have previously characterized a role for Hipk in promoting
Notch (N) mediated growth of the eye disc through its ability to
repress Gro (Lee et al., 2009). Because Ey levels remain unchanged
in gro mutant clones, an observation seen by us (data not shown)
and others (Atkins et al., 2013), we excluded Gro as a possible
effector of Hipk on Ey. Furthermore, Eyegone (Eyg) is the N
mediator responsible for stimulating growth of the early eye disc
(Dominguez et al., 2004; Jun et al., 1998) and has been previously
shown to be regulated by hipk (Lee et al., 2009). Eyg and Ey have
separable roles in eye development and work in parallel to each
other, therefore, the effects on Toy and Ey we have observed are
likely not due to changes in Eyg levels via hipk (Dominguez et al.,
2004; Mann, 2004; Rodrigues and Moses, 2004). Taken together,
we believe Hipk's repressive effects on toy and ey are independent
of the N related factors Gro and Eyg.
A recent study characterized a mechanism of regulation of ey
expression in which So, Eya, and Dac reiteratively repress ey
within the furrow and the posterior region of the eye disc
(Atkins et al., 2013). Interestingly, So undergoes a functional
switch part way through eye development and transforms from
an activator of ey to a repressor of ey and because of this switch, so
clones display reduced ey anterior to the furrow, and increased ey
posterior to the furrow (Atkins et al., 2013). Since hipk clones
displayed elevated Toy and Ey throughout the entire eye ﬁeld, we
excluded So as an effector of Hipk on Ey. Additionally, we observed
near wild type levels of Eya, Dac, and so-lacZ upon modulation of
hipk (Fig. S4) which supports a mechanism independent of these
downstream RD factors (Fig. 7C).
Multiple hipk over-expression phenotypes mimic phenotypes
generated with high Hh and/or Dpp signaling, including the
promotion of morphogenetic furrows (Fig. 6) and ectopic eye
formation (Figs. 4 and 5). These data, and past studies (Firth and
Baker, 2009; Swarup and Verheyen, 2011), collectively, led us to
test for a mechanism of Toy and Ey repression via Hh/Dpp.
Although we did not directly test if Hipk's effect on Ey repression
was due to the Dpp pathway, because dpp is a target of Ci (Müller
and Basler, 2000) and we have previously shown that dpp-lacZ is
reduced in hipk clones, we speculate that it strongly contributes to
Hipk-mediated Ey restriction. Both loss and gain of function clonal
analysis revealed that Hh signaling regulates Toy, in addition to Ey
(Fig. 6) (Firth and Baker, 2009). Furthermore, we found that
elevated levels of hipk were capable of rescuing the ectopic Toy
and Ey present in smo MARCM clones. More speciﬁcally, we
suggest that in smo clones, where CiREP levels are de-repressed
and Dpp levels are low, mis-expressed Hipk restores Ey levels back
to normal by elevating CiACT and thus Dpp (Fig. 6E″' and Fig. 7C).
Although we have not directly shown that Hipk is repressing Toy
and Ey expression through Hh/Dpp signalling, this genetic inter-
action (Fig. 6E) is suggestive that Hh/Dpp and Hipk work together
to repress these factors.
Firth and Baker (2009) demonstrated that the expression of the
retinal determination factors are controlled differentially by vary-
ing combinations of the extracellular signalling pathways Dpp, Hh,
Wg, Ras, and N. Most importantly,it was found that RD factors such
as Ey are not controlled exclusively by any one signalling pathway.
The results we have presented here corroborate with this model as
our ﬁndings support a model of Ey repression by the combination
of Hh and Dpp. At this time, it is unclear how Hipk exerts such a
strong regulatory inﬂuence on Toy and Ey, yet has a negligible
inﬂuence on the downstream factors Eya, So and Dac. One would
predict that Hipk's role in promoting the Hh/Dpp pathways alone
would result in some regulation of those factors. We suspect that
the relationship of Hipk with the extracellular signalling pathways
and the RDGN is in fact more complex than the model we have
proposed here (Fig. 7C). One possible area of exploration is to
determine how the active state of Hipk affects the outcome of
signalling pathways during speciﬁc stages in development. At this
moment, we do not have a measurable read-out for Hipk activity,
thus future studies may lead to a more comprehensive under-
standing of how these factors come together to support the
development of the Drosophila eye.
Also within this study, we further characterized the mechanism
of ectopic eye development which allowed us to utilize this assay
to examine hipk's role in Ey restriction. Ectopic eye induction
assays have been widely used to study the function of RD genes in
a cellular context away from their endogenous tissue (Anderson
Fig. 5. Hipk controls the ﬁnal size of the adult ectopic eye. Ectopic eye induction assays with (A) dpp4toy, (B) dpp4toyþhipk, and (C) dpp4toy,hipk3/hipk4 yield differing
sizes of ectopic eyes formed on the legs. (D–F) Temporal restriction of toy expression (and thus ey expression) with tub-GAL80ts produces (F) larger leg ectopic eyes than (E)
unrestricted expression.
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et al., 2012; Halder et al., 1995; Pignoni et al., 1997; Shen and
Mardon, 1997). Several studies have shown that ectopic eyes
almost perfectly resemble the normal eye in that they possess
many of the same architectural components (Clements et al.,
2008; Halder et al., 1995) and they require inputs from Wg, Dpp,
and Hh (Chen et al., 1999; Kango-Singh et al., 2003; Niwa et al.,
2004; Salzer and Kumar, 2010). However, prior to this study, it was
not deﬁnitively known how ectopic photoreceptors are laid down.
We found that much like the normal eye, the ectopic eye ﬁeld was
compartmentalized into distinct domains that parallel themselves
to the differentiated and un-differentiated domains of the normal
eye (Figs S3 and S4). Like the anterior and posterior compartments
in the third instar eye disc, Ey was expressed in the region next to,
but not overlapping the retinal ﬁeld (Fig. 4B and B″') indicating Ey
repression is a necessary process in the ectopic eye (Fig. 7A and B).
Compartmentalization of differentiated and un-differentiated
zones was further supported with the observation that morpho-
genetic furrow-like cell morphologies divide these regions (Figs S3
and S4). Furthermore, R8 and R7 cell markers Senseless (Sens)
(Nolo et al., 2000) and Prospero (Pros) (Kauffmann et al., 1996; Xu
et al., 2000) revealed photoreceptor speciﬁcation does not occur
spontaneously (Fig. S3A and B'). This level of organization
increases the usefulness of this already commonly used assay.
In summary, we have implicated Hipk in the restriction of Toy
and Ey expression domains. We propose that Hipk acts to repress
Toy and Ey independently of RD factors So, Eya, and Dac and that it
Fig. 6. Hipk restricts Toy and Ey anteriorly possibly through Hh signaling. (A) Ato (red) marks the furrow in w1118 (white arrow). (B) Over-expression of 2xhipk with dpp-
GAL4 causes ectopic morphogenetic furrows (white arrows). (C–C″') Ectopic expression of a stable form of ci in GFP marked actin ﬂip-out clones represses both (C') Toy and
(C″) Ey. (D–D″') Conversely, loss of smo in GFP positive MARCM clones leads to increased levels of both (D') Toy and (D″) Ey. (E–E″') Toy and Ey levels are restored to normal
when hipk is mis-expressed in smo MARCM clones.
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does so through its inﬂuence on Ci and Dpp (Fig. 7C). Since the
repression of Ey is critical for the development of both the
endogenous and ectopic eye, we suggest that Hipk is a key factor
in both normal and ectopic eye development. Our past studies
have shown a role for Hipk in the Notch mediated growth of the
eye-antennal imaginal disc through the repression of Gro (Lee
et al., 2009). Here we have proposed that, in addition to its role in
growth, Hipk promotes photoreceptor differentiation by repres-
sing Ey in the developing retinal ﬁeld. Together, it is evident that
Hipk plays a multi-faceted and integrative role in eye development
and acts to ﬁne tune the output of the major signaling pathways.
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Fig. 7. A model of of Ey repression in the endogenous and ectopic eye. Schematic diagram of ey expressing cells (red), the morphogenetic furrow (MF, solid green line),
the retinal ﬁeld (green cross-hatching) in the (A) wild type third instar eye disc and (B) ectopic eye on a late third instar leg disc. (B) The approximate dpp domain is
represented with orange dashes. (A) Hipk contributes to the repression of toy and ey in the endogenous eye which, in turn promotes photoreceptor differentiation. (B) toy-
induced Ey is repressed away from the differentiating photoreceptors in the leg ectopic eye. Like the normal eye, Hipk is required for this process. (C) A network diagram
depicting the interactions observed within this work and by others (Atkins et al., 2013). Ey expression is both positively and negatively controlled in the eye-antennal
imaginal disc by multiple factors. So, Eya, and Dac repress Ey in the posterior, but not the anterior region. Hipk represses Ey throughout the entire disc, and may do so, in part
by its effect on the Hh effector Ci, and downstream effect on dpp. We link our ﬁndings (this work and Swarup and Verheyen, 2011) to the ﬁndings of others (Fu and Baker,
2003; Pappu, 2003) to create a summary of Ci and Dpp regulation by Hipk. Most importantly, Hipk strongly inﬂuences the state of Ci (CiACT versus CiREP) and since both forms
exert effects onto dpp, Dpp signalling is modulated by Hipk.
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